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1 Introduction
Evolutionary algorithms (EAs) are simplified formal models of organic evolution. At least
three different approaches can be distinguished by their history: Evolutionary programming
(EP) [Fog62, FOW66], evolution strategies (ES) [Rec65, Sch65], and genetic algorithms (GAs)
[Hol62, Hol75].
Taking advantage of valuable preparational work done in the early 1960s [Bre62], these
general purpose algorithms unfolded during the 1960s and 1970s. Nevertheless, optimiza-
tion practitioners nowadays still experience some difficulties when applying EAs to real-world
optimization problems. Our approach is problem oriented and should give optimization prac-
titioners a working knowledge of evolutionary algorithms. Similar to the approach presented
in [Kle87], we will take a look at evolutionary algorithms from the viewpoint of an optimiza-
tion practitioner. We will demonstrate how problem specific knowledge can be integrated into
genetic operators, and how coding and hybridization with traditional gradient search proce-
dures can improve the algorithm’s performance. Additionally, we will discuss multiple criteria
optimization problems and imprecise (stochastically disturbed) objective functions.
Taking several optimization tasks as examples, we will show how to analyze these opti-
mization problems, how to select suitable evolutionary operators, coding and procedures, and
finally how to tune the parameters of the specified algorithms. Therefore, guidelines to develop
efficient and powerful EAs for real-world optimization tasks are presented in this tutorial.
The tutorial is structured as follows: Sec. 2 gives an overview over typical applications of
EAs, Sec. 3 introduces basic features of evolutionary algorithms, especially parameter design
and adaptation. Since stochastically disturbed fitness function values occur in many real-
world optimization problems, this issue is covered in Sec. 4. Advantage of parallelization and
of different population structures are presented in Sec. 5. Sec. 6 summarizes the evolutionary
approach presented here.
2 3 EA BASICS
2 Some EA-Applications
In the following, we will present some typical examples to demonstrate the applicability
of evolutionary algorithms to real-world optimization problems. One of the ‘classics’ in this
context is the contour optimization of a nozzle for a two-phase flow to maximize the efficiency of
converting thermal into kinetic energy [Sch68], see Fig. 1. More recent optimization problems
are e.g. minimal weight truss layout (structural optimization) [Spr95] or an optical filter
optimization problem [SS96].
The population based approach of evolutionary algorithms might be beneficial for multi cri-
teria optimization (MCO) problems. Digital circuit design [BDFP02], airfoil design [NWBH02]
and mold temperature optimization[MMBS03] can be mentioned here. The elevator supervi-
sory group controller (ESGC) problem [MAB+01, BEM03] is an interesting example to demon-
strate how EAs can cope with noisy fitness function values.
Extensive empirical investigations have shown that combinations out a simple EA and
neighborhood search methods are competitive optimizers for several vehicle routing problems.
We will summarize some common features of problems for which EAs are suitable opti-
mization algorithms.
Figure 1: Optimization of a nozzle for a two-phase flow with an ES. No simulation model was available
at the time [Sch68]. Schwefel performed an experimental optimization using an (1+1) ES. The nozzles
were built of conical pieces such that no discontinuity within the internal shape was possible. In this
way every nozzle shape could be represented by its overall length and the inside diameters at the borders
between the segments (every 10mm). Despite the use of a very simple (1+1) ES without recombination
this first ES using gene duplication and deletion produced astonishingly good results leading to a
‘strange’ nozzle shape shown on the right. The unintuitively formed shape has been understood only
after further investigations. On the left, the starting shape is shown.
3 EA Basics
3.1 Algorithm
We will present the basic elements of evolutionary algorithms, see Fig. 2. This includes items
such as population, selection, recombination, mutation, and termination criterion. We will
discuss differences and similarities between GA, GP, and ES. Furthermore, hybrid approaches
will be considered.
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Figure 2: Evolutionary algorithms.
3.2 Optimization Model and Representation
Although EAs do not need more than a representation of the search space and an objective
function (which can be treated as a ‘black box’), it is often advantageous to integrate problem
specific knowledge to improve and secure the optimization process.
Several research groups from the collaborative research centers Design and Management
of Complex Technical Processes and Systems by Means of Computational Intelligence Methods
and Modeling of Large Logistic Networks (SFB 531 and SFB 559, University of Dortmund,
Germany) are investigating in the integration of problem specific knowledge [SWW02] in EAs
with respect to their efficiency and usefulness for real-world optimization tasks.
Results from these research groups will be presented, i.e. how problem specific knowledge
might result in non-standard operators for EAs. As a ‘classical’ example we will present
different recombination methods for the traveling salesperson problem (TSP): Partial ordered
crossover (PMX), ordered crossover (OX), and cyclic crossover (CX).
Additionally, metric based evolutionary algorithms present a systematic approach and
give guidelines for the design of genetic operators and the representation of the phenotype
space [DW00].
Hybridizations of EAs and neighborhood search methods may result in a good balance
between intensification and diversification.
3.3 Adaptation
Whereas canonical GAs consider mutation as a background operator, mutation is essential for
evolution strategies. We will discuss the importance of endogenous strategy parameters that
enable self-adaptation of the strategy. The 1/5th rule, correlated mutations and cumulative
step-size adaptation schemes will be introduced [Rud92, HO97].
4 5 THE ADVANTAGES OF PARALLELISM
3.4 EA Parameter Design Considerations
In contrast to endogenous strategy parameters that can be adapted during the search process,
exogenous strategy parameters (i.e. population size and selective pressure) have to be selected
before the optimization run is started [BS02]. The setting of the exogenous parameters might
have a significant influence on the behavior of stochastic search algorithms (this refers not
only to EAs, but also to particle swarm optimization or simulated annealing etc.) Design
of experiments and response surface methods are useful statistical tools to find improved
exogenous parameter settings in an efficient and effective manner.
3.5 Multi-Criteria Optimization
Multi-criteria optimization (MCO) problems can be modeled with populations of candidate
solutions which are a common feature of EAs. Mold temperature optimization[MMBS03] is
used to demonstrate the applicability of this approach.
4 How to Cope with Noise
Methods to handle stochastically disturbed fitness function values are summarized and dis-
cussed in this section. Due to their step-size adaptation mechanism ES affords a greater degree
of robustness than other direct search methods such as the direct pattern search algorithm
(Hooke and Jeeves), the simplex method (Nelder and Mead), Torczon’s multi-directional search
algorithm, or the implicit filtering method (Gilmore and Kelley) [AB03].
The idea of threshold selection [MAB+01, BM02, BMS+02, BEM03] and its relationship
to statistical hypothesis testing is presented here. The elevator supervisory group controller
problem gives an interesting example in this context.
5 The Advantages of Parallelism
Various approaches are known for parallelizing evolutionary algorithms, choosing an appro-
priate one first requires some knowledge about the available hardware and the optimization
problem dealt with. Driving forces for parallelization are often minimization of wall-clock time
needed for achieving a specified solution quality or increased robustness of the optimization
process. It must be noted that parallelization usually leads to modified algorithms, so that
discussing results in terms of speedup becomes difficult. We only present three of the most
common approaches [AT02] below.
5.1 Global Parallelism
If network latency times on the given hardware are well below the time needed for computing
the objective function, factoring out evaluations, also referred to as the global parallelism
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approach, usually leads to considerable speedup.
The EA as depicted in figure 2 is then run on a master node and only the evaluations (step
Evaluate) are sent out to client nodes that hand back the results. A similar method can help
if the objective function is separable.
5.2 Island Models
If communication on the underlying hardware is rather slow or very unreliable, island models
should be considered. They utilize several EA instances concurrently running on the available
nodes. The separate EAs are coupled by exchange of current solutions (migration, pollination)
without strict synchronization.
5.3 Diffusion Models
Diffusion Models are like Island Models well suited to parallel architectures with slow commu-
nication. They utilize a huge number of tightly coupled subpopulations usually arranged as a
grid. Each of these only interacts with subpopulations within a defined neighborhood.
5.4 Means of Implementation
Several software libraries and virtual platforms exist that support implementation of the com-
munication needed by parallel EAs: message passing interfaces like MPI and PVM, the Open-
Grid, the DREAM platform [ACE+02], and specialized libraries for specific parallel hardware
architectures.
6 Summary and Outlook: The Evolutionary Methodology
Summarizing, we can classify our approach as an evolutionary method (similar to the approach
proposed in [BD87]). Three steps are important:
1. Problem analysis: this results in problem specific operators (noise, problem representa-
tion, genetic operators, constraint handling mechanisms etc. are determined).
2. Algorithm tuning: exogenous algorithm parameters are specified.
3. Validation: discussion of the results. Do the results lead to new questions?
Evolutionary optimization can be regarded as communication between the engineer and the
optimization practitioner. The applicability and usefulness of this concept has been demon-
strated at the Collaborative Research Centers 531 and 559 at the University of Dortmund
(Germany) [SWW02].
6 REFERENCES
Acknowledgments. This research was supported by the DFG as a part of the collaborative
research center ‘Computational Intelligence’ (531).
References
[AB03] D.V. Arnold and H.-G. Beyer. A comparison of evolution strategies with other
direct search methods in the presence of noise. Computational Optimization and
Applications, 24:135–159, 2003.
[ACE+02] M. G. Arenas, P. Collet, A. E. Eiben, M. Jelasity, J. J. Merelo, B. Paechter,
M. Preuß, and M. Schoenauer. A framework for distributed evolutionary algo-
rithms. In J. J. Merelo Guervo´s, P. Adamidis, H.-G. Beyer, J. L. Ferna´ndez-
Villacan˜as, and H.-P. Schwefel, editors, Parallel Problem Solving from Nature –
PPSN VII, Proc. Seventh Int’l Conf., Granada, September 2002, volume 2439 of
Lecture Notes in Computer Science, pages 665–675, Berlin, 2002. Springer.
[AT02] E. Alba and M. Tomassini. Parallelism and evolutionary algorithms. IEEE Trans-
actions on Evolutionary Computation, 6(5):443–462, 2002.
[BD87] G. E. P. Box and N. R. Draper. Experimental Model Building and Response
Surfaces. Wiley, 1987.
[BDFP02] T. Beielstein, J. Dienstuhl, C. Feist, and M. Pompl. Circuit design using evolu-
tionary algorithms. In David B. Fogel, Mohamed A. El-Sharkawi, Xin Yao, Garry
Greenwood, Hitoshi Iba, Paul Marrow, and Mark Shackleton, editors, Proceedings
of the 2002 Congress on Evolutionary Computation CEC2002, pages 1904–1909.
IEEE Press, 2002.
[BEM03] T. Beielstein, C.P. Ewald, and S. Markon. Optimal elevator group control
by evolution strategies. In Proc. 2003 Genetic and Evolutionary Computation
Conf. (GECCO’03), Chicago, Berlin, 2003. Springer.
[BM02] T. Beielstein and S. Markon. Threshold selection, hypothesis tests, and DOE
methods. In David B. Fogel, Mohamed A. El-Sharkawi, Xin Yao, Garry Green-
wood, Hitoshi Iba, Paul Marrow, and Mark Shackleton, editors, Proceedings of
the 2002 Congress on Evolutionary Computation CEC2002, pages 777–782. IEEE
Press, 2002.
[BMS+02] T. Beielstein, J. Mehnen, L. Scho¨nemann, H.-P. Schwefel, T. Surmann, K. Weinert,
and D. Wiesmann. Design of evolutionary algorithms and applications in surface
reconstruction. In Schwefel et al. [SWW02], pages 145–193.
[Bre62] H.J. Bremermann. Optimization through evolution and recombination. In M.C.
Yovits, G.T. Jacobi, and G.D. Goldstein, editors, Self-Organizing Systems 1962
Proceedings of the Conference on Self-Organizing Systems, Chicago, Illinois, 22.-
24.5.1962, pages 93–106, 1962.
[BS02] H.-G. Beyer and H.-P. Schwefel. Evolution strategies – A comprehensive intro-
duction. Natural Computing, 1:3–52, 2002.
REFERENCES 7
[DW00] S. Droste and D. Wiesmann. Metric based evolutionary algorithms. In Riccardo
Poli, Wolfgang Banzhaf, William B. Langdon, Julian F. Miller, Peter Nordin, and
Terence C. Fogarty, editors, Genetic Programming, Proceedings of EuroGP’2000,
volume 1802 of LNCS, pages 29–43, Edinburgh, 15-16 April 2000. Springer-Verlag.
[Fog62] L.J. Fogel. Decision making by automata. Technical Report GDA-ERR-AN-222,
General Dynamics, San Diego, CA, 1962.
[FOW66] L.J. Fogel, A.J. Owens, and M.J. Walsh. Artificial Intelligence through Simulated
Evolution. Wiley, New York, 1966.
[HO97] N. Hansen and A. Ostermeier. Convergence properties of evolution strategies with
the derandomized covariance matrix. In Hans-Ju¨rgen Zimmermann, editor, Eufit
’97 – 5th European Congress on Intelligent Techniques and Soft Computing, pages
650–654, Aachen, 1997. Verlag Mainz, Wissenschaftsverlag.
[Hol62] J.H. Holland. Outline for a logical theory of adaptive systems. Journal of the
Association for Computing Machinery, NN:297–314, 1962.
[Hol75] J.H. Holland. Adaptation in Natural and Artificial Systems. The University of
Michigan Press, Ann Arbor, MI, 1975.
[Kle87] J. Kleijnen. Statistical Tools for Simulation Practitioners. Marcel Dekker, New
York, 1987.
[MAB+01] S. Markon, D.V. Arnold, T. Ba¨ck, T. Beielstein, and H.-G. Beyer. Thresholding
– a selection operator for noisy ES. In J.-H. Kim, B.-T. Zhang, G. Fogel, and
I. Kuscu, editors, Proc. 2001 Congress on Evolutionary Computation (CEC’01),
pages 465–472, Seoul, Korea, May 27–30, 2001. IEEE Press, Piscataway NJ.
[MMBS03] J. Mehnen, T. Michelitsch, T. Beielstein, and K.-H. Schmitt. Evolutionary opti-
mization of mold temparature control strategies. Journal of Engineering Manu-
facture, 2003. Accepted for publication.
[NWBH02] B. Naujoks, L. Willmes, T. Ba¨ck, and W. Haase. Evaluating multi-criteria evolu-
tionary algorithms for airfoil optimisation. In J. J. Merelo Guervo´s, P. Adamidis,
H.-G. Beyer, J. L. Ferna´ndez-Villacan˜as, and H.-P. Schwefel, editors, Parallel
Problem Solving from Nature – PPSN VII, Proc. Seventh Int’l Conf., Granada,
September 2002, volume 2439 of Lecture Notes in Computer Science, pages 841–
850, Berlin, 2002. Springer.
[Rec65] I. Rechenberg. Cybernetic solution path of an experimental problem. Technical
Report Library translation No. 1122, Royal Aircraft Establishment, Farnborough,
Hants., UK, August 1965.
[Rud92] G. Rudolph. On correlated mutations in evolution strategies. In R. Ma¨nner and
B. Manderick, editors, Parallel Problem Solving from Nature 2 (Proc. 2nd Int.
Conf. on Parallel Problem Solving from Nature, Brussels 1992), pages 105–114,
Amsterdam, 1992. Elsevier.
8 REFERENCES
[Sch65] H.-P. Schwefel. Kybernetische Evolution als Strategie der experimentellen
Forschung in der Stro¨mungstechnik. Dipl.-Ing. Thesis, Technical University of
Berlin, Hermann Fo¨ttinger–Institute for Fluid Dynamics, March 1965.
[Sch68] H.-P. Schwefel. Experimentelle Optimierung einer Zweiphasendu¨se, part I. Tech-
nical Report No. 35 of the Project MHD–Staustrahlrohr 11.034/68, AEG Research
Institute, Berlin, October 1968.
[Spr95] Joachim Sprave. Evolutiona¨re Algorithmen zur Parameteroptimierung. at – Au-
tomatisierungstechnik, 43(3):110–117, 1995.
[SS96] M. Schu¨tz and J. Sprave. Application of parallel mixed-integer evolution strategies
with mutation rate pooling. In L. J. L. J. Fogel, P. J. Angeline, and Th. Bck,
editors, Evolutionary Programming V - Proc. Fifth Annual Conf. Evolutionary
Programming (EP’96), pages 345–354. The MIT Press, Cambridge MA, 1996.
[SWW02] H.-P. Schwefel, I. Wegener, and K. Weinert, editors. Advances in Computational
Intelligence – Theory and Practice. Natural Computing Series. Springer, Berlin,
2002.
